Objective-Hyperglycemia is the main determinant of long-term diabetic complications, mainly through induction of oxidative stress. NAD(P)H oxidase is a major source of glucose-induced oxidative stress. In this study, we tested the hypothesis that rosiglitazone (RSG) is able to quench oxidative stress initiated by high glucose through prevention of NAD(P)H oxidase activation. Methods and Results-Intracellular ROS were measured using the fluoroprobe TEMPO-9-AC in HUVECs exposed to control (5 mmol/L) and moderately high (10 mmol/L) glucose concentrations. NAD(P)H oxidase and AMPK activities were determined by Western blot. We found that 10 mmol/L glucose increased significantly ROS production in comparison with 5 mmol/L glucose, and that this effect was completely abolished by RSG. Interestingly, inhibition of AMPK, but not PPAR␥, prevented this effect of RSG. AMPK phosphorylation by RSG was necessary for its ability to hamper NAD(P)H oxidase activation, which was indispensable for glucose-induced oxidative stress. Downstream of AMPK activation, RSG exerts antioxidative effects by inhibiting PKC. Conclusions-This study demonstrates that RSG activates AMPK which, in turn, prevents hyperactivity of NAD(P)H oxidase induced by high glucose, possibly through PKC inhibition. Therefore, RSG protects endothelial cells against glucose-induced oxidative stress with an AMPK-dependent and a PPAR␥-independent mechanism. (Arterioscler
C hronic hyperglycemia induces protein glycation, systemic low grade inflammation, and endothelial dysfunction. 1 As a consequence, diabetes is one of the main risk factor for cardiovascular disease. Hyperglycemia-induced endothelial dysfunction is characterized by an enhanced production of reactive oxygen species (ROS), which are important actors in the development of vascular damage. Consistently, antioxidant agents are able to rescue hyperglycemia-induced vascular dysfunction. 1, 2 Recently, we have shown that, in human umbilical vein endothelial cells (HUVECs), high glucose (10 mmol/L) increases ROS generation through a NAD(P)H oxidasedependent mechanism. 3 Furthermore, vascular NAD(P)H oxidase activity is increased in diabetic patients in vivo, and endothelial NAD(P)H oxidase activity is markedly increased by high glucose levels in vitro. 4, 5 Therefore, NAD(P)H oxidase appears as one of the major sources of ROS production after exposure to hyperglycemia. 6 Thiazolidinediones (TDZs) are used clinically in type 2 diabetic patients by virtue of their insulin-sensitizing action, conveyed by the activation of the nuclear transcription factor peroxisome proliferator-activated receptor-␥ (PPAR␥). 7 In addition, these agents have remarkable pleiotropic activities: by improving endothelial function and systemic inflammation, they are expected to exert direct beneficial effects on cardiovascular risk, which are not mediated by the improvement in glucose metabolism. In this regard, pioglitazone was shown to abolish ROS production in 3T3-L1 adipocytes, 8 whereas rosiglitazone (RSG) reduced NAD(P)H-stimulated superoxide production in aortas from diabetic mice, 9 and troglitazone diminished ROS generation in leukocytes from obese subjects. 10 However, the molecular mechanism by which TZDs attenuate oxidative stress is not clear.
TDZs are specific ligands for the PPAR␥ family of nuclear receptors, which are intimately involved in the regulation of energy homeostasis. 7 However, several evidences suggest that TDZs affect nitric oxide (NO), tumor necrosis factor (TNF)-alpha production and endothelial cell proliferation by PPAR␥-independent mechanisms. [11] [12] [13] [14] Recently, it has been demonstrated that TDZs also activate 5Ј-AMP-activated pro-tein kinase (AMPK), which represents the major regulator of cellular and systemic energy homeostasis in liver and muscle. Moreover, AMPK plays an important role in protecting endothelial cells against the adverse effects of sustained hyperglycemia. [15] [16] [17] [18] Therefore, the aim of the present study was to dissect the molecular mechanisms underlying the effects of RSG on hyperglycemia-induced ROS production.
Materials and Methods
For detailed methods, please see the supplemental Materials and Methods, available at online at http://atvb.ahajournals.org. Human umbilical vein endothelial cells (HUVECs) were incubated for 48 hours in the presence of either normal (5 mmol/L) or elevated (10 mmol/L) glucose concentration, with or without RSG (20 mol/L). Oxidative stress was measured by fluorescence microscopy and by electron spin resonance (ESR) using the free radical probe TEMPO-9AC. For siRNA experiments, cells were transfected with 15 nmol/L siRNA using HiPerFect transfection reagent (Qiagen) according to the manufacturer's protocol. Quantitative RT-PCR was performed using an iCycler iQ system (BIO-RAD) and SYBR Green detection. Proteins were analyzed by Western immunoblot using standard procedures.
Results

Effects of RSG on ROS Production Induced by High Glucose
We have previously demonstrated that high glucose increases ROS production. 3 Here we first investigated the effect of RSG on this phenomenon, by incubating HUVECs for 48 hours with RSG (20 mol/L) plus high glucose (10 mmol/L). Figure 1 shows a representative fluorescence image measured by inverted microscope at the beginning (1 minute) and after 10 minutes of the exposure to the TEMPO-9-AC probe. As shown, fluorescence markedly increased in cells exposed to 10 mmol/L glucose ( Figure 1B ) in comparison to 5 mmol/L glucose ( Figure 1A ). After 10 minutes incubation, fluorescence increases in proportion to the probe influx ( Figure 1B) . RSG significantly prevented the increase in ROS production induced by 10 mmol/L glucose ( Figure 1C ). Figure 1D summarizes these effects: 10 mmol/L glucose-stimulated ROS production in comparison to cells exposed to 5 mmol/L glucose (from 14.8Ϯ1.5 to 45Ϯ2 fluorescence rate, A.U., PϽ0.005) and RSG completely blunted this effect (from 45Ϯ2 to 17.01Ϯ2.5 fluorescence rate, A.U., PϽ0.01). Supplemental Figure IA and IB shows the dose-response and the time-course of RSG action on ROS production induced by 10 mmol/L glucose: ROS generation was significantly inhibited after at least 24-hour incubation with RSG concentrations between 20 and 50 mol/L.
To dissect the mechanisms involved in the inhibition of glucose-induced ROS production by RSG, we explored the 2 molecular pathways activated by TDZs: AMPK and PPAR␥. Therefore, we determined the effects of a specific AMPK activator, 5-aminoimidazole-4-carboxamide-1-beta-Dribofuranoside (AICAR) and GW9662, a specific PPAR␥ inhibitor, on ROS production induced by 10 mmol/L of glucose. As shown in supplemental Figure II, AICAR (500 mol/L, 48 hours) decreased ROS production induced by high glucose (10 mmol/L, 48 hour), similarly to what observed with RSG alone. On the contrary, GW9662 (2 mol/L, 48 hour) did not alter the effects of RSG on ROS production, suggesting that PPAR␥ receptors are not directly involved in this phenomenon.
To validate these results, we also studied the effects of GW1929, a PPAR␥ tyrosine derivate agonist by ESR technique. As shown in supplemental Figure IIB , the PPAR␥agonist GW1929 (20 mol/L, 48 hours) did not reduce glucose-induced ROS production, indicating that PPAR␥ is not the mediator of the inhibition of glucose-dependent ROS production by RSG.
Effects of RSG on AMPK Activation, In Vitro and In Vivo
In vitro, in cells grown at 5 mmol/L of glucose, the timecourse of AMPK activation induced by RSG is shown in supplemental Figure Figure IIIA ). In addition, RSG-induced AMPK phosphorylation was inhibited by Compound C (100 mol/L, 48 hours), a specific AMPK inhibitor, although it was not affected by GW9662 (2 mol/L, 48 hours) (supplemental Figure IIIB ).
In vivo, in adult male Sprague-Dawley rats, ischemia/ reperfusion significantly increased AMPK by 228Ϯ26% (PϽ0.01) as compared with basal state. Seven-day RSG treatment, at the dose of 15 mg/kg body weight/d, activated AMPK in rat skeletal muscles in basal conditions (ϩ147Ϯ15%, PϽ0.05) and during ischemia/reperfusion injury (ϩ258Ϯ18%, PϽ0.01 versus basal) with a net ϩ30% increase, although not significantly different, when compared with control study (supplemental Figure IV) .
Next, to investigate the functional role of AMPK activation by RSG on the ability of RSG to inhibit glucose-induced ROS production, we silenced AMPK gene expression using siRNA. As shown in Figure 2 , transfection with AMPK␣1 siRNA for 72 hours efficiently reduced AMPK␣1 mRNA level by 77% and AMPK␣1 protein expression by 70%. Furthermore, in AMPK␣1 siRNA cells, AMPK phosphorylation by RSG was markedly decreased in comparison with control siRNA cells ( Figure 2C and 2D) .
Then, we measured glucose-induced ROS production in AMPK-silenced cells by fluorescence microscope and ESR techniques. In AMPK1␣ siRNA-transfected cells, reduction of AMPK␣1 expression abolished the inhibitory effects of 
Effect of RSG on p22 phox , p47 phox , gp91 phox , p67 phox , rac-1 Protein Expression, and Translocation
The NAD(P)H oxidase is made up of 2 membrane subunits (p22 phox and gp91 phox ) and 3 cytosolic subunits (p47 phox , p67 phox , and Rac-1). When the NAD(P)H oxidase is stimulated, the cytosolic subunits translocate from the cytosol to the membrane and induce ROS production. 20 To further describe the effects of RSG on NAD(P)H oxidase, we studied expression and translocation of NAD(P)H oxidase subunits in the presence of glucose 10 mmol/L with or without RSG. p22 phox protein expression was increased 2-fold (PϽ0.01) by 10 mmol/L glucose in comparison with 5 mmol/L glucose, and this effect was inhibited by RSG. Remarkably, this action of RSG was antagonized by Compound C (100 mol/L, 48 hours). Total p47 phox , gp91 phox , p67 phox , and rac-1 expression were unaffected by high glucose (supplemental Figure VI) .
Then, we found that high glucose induced the translocation of p47 phox and Rac-1 from the cytosol to the membrane ( Figure 3A isoforms was prevented by the presence of the PKC inhibitor GF109203X, but not by the presence of PP2, a Src inhibitor, and by the presence of L-NAME, an NO inhibitor ( Figure 3A through 3C). RSG prevented glucose-induced p47 phox and rac-1 translocation to the plasma membrane, but not in AMPK1␣ siRNA-transfected cells or in the presence of Compound C (100 mol/L, 48 hour; Figure 3B through 3D). These observations were confirmed by the determination of glucose-induced ROS production in the presence of GF109203X, and of L-NAME by fluorescence microscopy. GF109203X, a PKC inhibitor, significantly attenuated ROS production induced by glucose, while L-NAME did not have any effect (supplemental Figure VII) .
Further, we measured cellular DAG levels and PKC activity to verify the interactions between RSG and PKC. As expected, cells exposed for 48 hours to 10 mmol/L of glucose resulted in significant increase in total DAG levels and PKC activity in comparison with the cells exposed to 5 mmol/L of glucose (supplemental Figure VIII) . Treatment with RSG significantly reduced both the DAG levels and PKC activity. This effect was not inhibited by the incubation of cells with GW9662, but it was abolished by the presence of Compound C, suggesting that PKC is a target of RSG downstream of AMPK activation.
Discussion
In this study, we have demonstrated that RSG prevents glucose-induced oxidative stress in endothelial cells, an effect independent from PPAR␥, but distinctively dependent on AMPK activation. We also showed that the ability of RSG to quench oxidative stress is conveyed through the inhibition of NAD(P)H oxidase. Furthermore, we demonstrated that, downstream of AMPK activation, the effect of RSG on glucose-induced NAD(P)H oxidase-derived ROS production is mediated by the inhibition of the DAG-PKC pathway ( Figure 4 depicts this model schematically).
Many studies have reported that TZDs act through PPAR␥dependent mechanisms, and this is also true in endothelial cells. For instance, RSG increased NO production in HUVECs through a transcriptional mechanism unrelated to eNOS expression but dependent on PPAR␥ activation. 12, 20 Interestingly, this effect has been attributed to the inhibition of NO quenching by NAD(P)H oxidase-derived ROS. 21 The PPAR␥ agonists pioglitazone and RSG also exert direct antiinflammatory effects by interfering with monocyte chemoattractant protein-1 and its receptor, CCR2. 22, 23 TZDs may have cardiovascular pleiotropic effects that are independent of their actions on glucose and lipid metabolism. In facts, clinical trials show that RSG ameliorated vascular function beyond its anti-hyperglycemic effects. 24, 25 The clinical potential benefits of TZDs have been underscored by several studies: in type 2 diabetic patients, RSG reduced serum levels of matrix metallo-proteinase-9 and C-reactive protein, 26 whereas pioglitazone reduced carotid intima-media thickness, 27 further suggesting a possible role in slowing atherosclerosis. A substantial part of these positive effects of TZDs is mediated by distinctive antioxidative properties, 28, 29 especially in the setting of glucose-induced oxidative stress. 30, 31 In this study, we demonstrate that RSG significantly decreases glucose-induced oxidative stress and that this effect is independent of its ability to activate PPAR␥. In support of this, we show that a specific PPAR␥ antagonist (GW9662), which is able to fully prevent PPAR␥ transactivation by RSG, 12 did not abolish the antioxidant action of RSG. This observation is also sustained by previous works. Davies and colleagues have shown that, in isolated hepatocytes, troglitazone inhibits the expression of the PEPCK gene by a PPAR␥-independent, antioxidant-related mechanism. 32 Similarly, Lennon and colleagues demonstrated that another PPAR␥ agonist, ciglitazone, activates p38 MAP kinase through a PPAR␥-independent mechanism. 33 Our present data suggest that most of the antioxidative activity of RSG is determined by its ability to activate AMPK. This is authenticated by the decreased production of ROS when cells were incubated with AICAR, an artificial activator of AMPK, and by the neutral effect of RSG on oxidative stress when AMPK was inhibited by Compound C or by knockdown by siRNA. Consistent with the notion that different TZDs have distinct pleiotropic effects, 7 our data indicate that the antioxidative property of RSG is not a "class effect" because the PPAR␥agonist GW1929 was unable to prevent ROS induction by high glucose.
To our knowledge, this is also the first study showing that a member of the TZD family activates AMPK in endothelial cells. Several works suggest that PPAR␥ agonists activate AMPK and have antioxidative properties, but the molecular connections between these 2 phenomena were previously unknown. We found that RSG activates AMPK after 24 hours of incubation and, in parallel, decreases glucose-induced ROS formation. LeBrasseur and colleagues found that troglitazone and pioglitazone activate AMPK in mammalian tissues within minutes. 34 It is possible that the PPAR␥independent activation of AMPK requires a longer lag phase in endothelial cells. Our results emphasize the protective role of AMPK in endothelial cells, as already shown by an extensive literature. 35, 36 Recently, we proved that ROS induction by high glucose is dependent on NAD(P)H oxidase. 3 The present results extend those observations by showing that the incubation of endothelial cells with RSG abolished glucoseinduced activation of NAD(P)H oxidase and ROS production. A previous study reported that both PPAR␣ and PPAR␥ agonists decrease p22 phox gene expression in HUVECs. 37 Another study showed that ciglitazone downregulates phagocyte p47 phox oxidase. 38 Here, we add significant pieces of information to this picture, by showing that RSG inhibits not only p22 phox protein expression but also the translocation of both p47 phox and Rac-1, crucial components of NAD(P)H oxidase. Moreover, we show that the ability of RSG to inhibit NAD(P)H oxidase requires the activation of AMPK, because this effect is completely abolished by compound C. In fact, our data underscore that AMPK is an important inhibitor of NAD(P)H oxidase. This concept has been supported by previous works showing, for example, that ␣-lipoic acid suppresses NAD(P)H oxidase activity by activating AMPK in human aortic endothelial cells. 39 AMPK is also able to modulate NAD(P)H in human neutrophils and in smooth muscle cell. 40, 41 In compliance with our previous data showing that PKC is stimulated by hyperglycemia, 3, 19 we noted that the hyperactivity of NAD(P)H oxidase induced by high glucose was prevented by PKC inhibition. In the attempt for a further dissection of the antioxidant mechanism of RSG, we show that RSG inhibits the DAG-PKC pathway and that, again, this effect requires AMPK activation. Therefore, downstream of AMPK phosphorylation, PKC is a critical target of the antioxidant effect of RSG. 42 Finally, to determine whether this effect of RSG occurs in vivo and whether there is evidence of AMPK activation in intact animals, we treated adult male Sprague-Dawley rats with oral RSG for 7 days. We show that RSG activates AMPK in vivo in basal conditions and during ischemia/ reperfusion injury, a model in which oxidative stress plays a major role in determining tissue damage. AMPK was activated by ischemia per se, an event that is supposed to protect the target tissue from ischemic damage, and to stimulate neoangiogenesis. 43 Interestingly, it has been suggested that AMPK hyperactivation may also have negative impacts on some adaptive responses in the cardiovascular system. 44 Very recent clinical data warns that, despite its metabolic actions and its strong theoretically favorable effects of TZDs on the 
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Rosiglitazone, Oxidative Stress, and AMPK cardiovascular system, RSG may not decrease the incidence of myocardial infarction, or may increase it. 45 Complex effects of RSG on cell types other than the endothelium may be responsible for this outcome. Unfortunately, we could not monitor selectively AMPK activation in myocytes and endothelial cells. In any case, potentiation of AMPK signaling by RSG may have important clinical implications in the setting of ischemic diseases.
In conclusion, we report that RSG has a potent antioxidant effect which is not mediated by PPAR␥ but is strictly dependent on its ability to activate AMPK. We also show that RSG reduces ROS mainly by inhibiting NAD(P)H oxidase, with a mechanism that is dependent on AMPK activation and related to PKC inhibition. 
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